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ABSTRACT 

The photospheres of low-mass red giants show CNO isotopic abundances that 
are not satisfactorily accounted for by canonical stellar models. The same is true 
for the measurements of these isotopes and of the ^^Al/^^Al ratio in presolar 
grains of circumstellar origin. Non-convective mixing, occurring during both Red 
Giant Branch (RGB) and Asymptotic Giant Branch (AGB) stages is the expla- 
nation commonly invoked to account for the above evidence. Recently, the need 
for such mixing phenomena on the AGB was questioned, and chemical anomalies 
usually attributed to them were suggested to be formed in earlier phases. We 
have therefore re-calculated extra-mixing effects in low mass stars for both the 
RGB and AGB stages, in order to verify the above claims. Our results contra- 
dict them; we actually confirm that slow transport below the convective envelope 
occurs also on the AGB. This is required primarily by the oxygen isotopic mix 
and the ^^Al content of presolar oxide grains. Other pieces of evidence exist, 
in particular from the isotopic ratios of carbon stars of type N, or C(N), in the 
Galaxy and in the LMC, as well as of SiC grains of AGB origin. We further 
show that, when extra-mixing occurs in the RGB phases of population I stars 
above about 1.2 M©, this consumes ^He in the envelope, probably preventing the 
occurrence of thermohaline diffusion on the AGB. Therefore, we argue that other 
extra-mixing mechanisms should be active in those final evolutionary phases. 

Subject headings: Stars: evolution — Stars: AGB and post-AGB — Stars: Carbon — 
Stars: low-mass — Nuclear reactions, nucleosynthesis, abundances 
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Introduction 



Evolved low-mass stars show photosplieric CNO isotopic ratios that in many cases are 
not repr oduced by stellar evolutionary codes. In the past years it was recognized by ma ny 



1998 



authors (IBoothrovd et al 



1994 



Boothroyd fc Sackmann 



Wasserburg et al. 



1995 



Charbonnel fc Do Nascimiento 



19991 ) that these chemical anomalies derive from transport 



mechanisms linking the envelope to zones where partial H-burning oc curs. We cal. 



NoUett et al. 



these 



(120031 . 



phenomena "extra-mixing" or "deep mixing" throughout this report, 
hereafter NBW03) presented a parametric study of such mixing episodes, suitable to 
account for the CNO abundances measured in presolar grains of AGB origin. The adopted 
formalism was based on two parameters, namely the rate of mass transport (M) and the 
temperature (Tp) of the deepest zones reached by the circulation. It was also demonstrated 
that important composition changes can occur without introducing feedbacks on the stellar 
luminosity, provided Tp is kept low enough (typically, A log T = log Th — log Tp > 
0.08—0.1, where Th is the temperature at which the maximum energy of the H-burning 
shell is released). 

Subsequently, physical models for extra-mixing have been explored , which avoid 



the d ifficulties previously found with rotationally-induced mechanisms (jPalacios et al. 
20061 ). In particular, hydrodynar nical models of diffusive processes induced by variations 



of the mean molecular wei ght fi ( IStothers fc S: 



(ICharbonnel fc Zahn 



20071 ) ■ were presented by 



mon 



1969h. ca 



Eggleton et al.l (12006 . 



l ed thermoh aline diffusion 



2008|). They showed 



that ^He burning into ^He and two protons successfully induces the 



fA/i//i 



10 ^), th us dr iving mixing episodes. C omplementarily. 



required m i n yersio n 



Busso et al. 



Nordhaus et al. 



(120081) and 



Denissenkov et al. 



(120071) 



(120091 ) suggested that extra-mixing might be 



driven by magnetic buoyancy, in a dynamo process operating below the envelope. 



The model by NBW03 referred explicitly to AGB stars, which are known to be the 



parents of most presolar grains (IZinnei 

as necessary by va rious authors (JHoppe et al. 
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2005r). Extra-mixing in these ob 



Nittler et al 



1997 



Zinner et al 



2006 



ects was considered 



Heck et al 



2007 



2010l . hereafter KCSIO) sheds 



20081 ). However, a recent paper ( iKarakas et al.l 
doubts on this requirement, suggesting that slow mass circulation on the RGB might 
be sufficient. In order to solve the above dilemma, we have to look at the observational 
data, asking whether there is any clear requirement for extra-mixing on the AGB. Our 
answer will be that this requirement exists and comes primarily from oxide pres olar grains 



flNittler et al. 



19971 : 



Choi et al. 



19981: 



Clayton fc Nittler 



2004; 



Nittler et al. 



20081 ). Then one 



must look for a similarly clear constraint from stars, and we find it in the carbon isotope 
ratios of C(N) giants. Other pieces of evidence (from Ba stars, C-enhanced metal poor 
stars, etc.), although relevant, will not be addressed here for reasons of space. In order to 
demonstrate all this we generalize the calculations by NBW03, extending them to cover 
also RGB stages and including two more values of the initial mass. In Section 2 we compare 
our results for RGB phases with constraints coming from presolar oxide grains of group 2. 
In Section 3 we integrate this by considering extra-mixing also in AGB stages; critical tests 
come again from presolar oxide grains (of group 2, but also of group 1). The evidence from 
0-rich AGB stars is also discussed. Finally, in Section 4 we comment on the information 
coming from C(N) stars and we derive preliminary conclusions, also addressing the physical 
mechanisms necessary to drive the transport. 



2. Extra-mixing in RGB Phases 

For the sake of comparison with previous works we perform parametric calculations, 
using the free parameters M and Tp, as in NBW03. We adopt the same NACRE 
compilation for reaction rates and we compute our extra-mixing results as post-process 



calculations, starting from detailed stellar models by 



Straniero et al. 



fl2003[ ). Masses in the 
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range 1.2 < MJMq < 2 for Z = Zq/2 are considered (only the case of a 1.5 Mq star was 
analyzed in NBW03). During RGB stages, we introduce extra- mixing after the "bump" of 
the luminosity function (BLF), when the H-burning shell erases the chemical discontinuity 
left behind by the first dredge u p (FPU); hence e nvelope abundances do not change from 



FDU to this mo ment (see, e.g., 



Charbonnel 



can be found in iCharbonnel fc Balachandran 



procedure was illustrated by 



Palmerini et al. 



9961). Details on the general RGB 



fl2000h and in 



Palacios et al. 



physics 



fcooeh . Our 



(|2009[ ) and is based on the integration of a set 



of partial differential equations describing the abundance changes due to nucleosynthesis 
and to the upward and downward transport across the integration grid. The rate of mass 
circulation M, defined in NBW03, is assumed as a free parameter. In agreement with 
the above paper the fractional areas occupied by the upward and downward streams are 
assumed to be the same. 

In the cases discussed here, the results are essentially controlled by the path integral 
of reaction rates over the trajectory of the transport. They are shown, for the RGB 
phases of our three model stars, in Figure [H The left panel shows our predictions for the 
ox ygen isotopic ratios , as c ompared to measured values in presolar oxide grains of group 



2 ( Niftier et al. 



1997 



20081 ). These are the grains whose composition is attributed to 
extra-mixing phenomena, because of the extensive depletion of ^'^O. The continuous track 
in the plot identifies the composition at FDU for various stellar masses. The dotted lines 
display the isotopic ratios obtained with efficient mixing (M = 10^^ Mq/jt) continued from 
the BLF to the RGB tip. Along each line, the displacement from the FDU composition 
increases for decreasing values of A log T; the points corresponding to some values of this 
parameter are shown with labels on the model lines. The results for A log T ~ 0.10 and 
for very low ^^O/^^O lay on an asymptotic trajectory with low slope pointing to a high 
i7q^i6q j^a^^JQ (0.003). This is determined by the equilibrium abundances of oxygen isotopes 
in CNO cycling: at the low RGB temperatures (T < 3.5 ■ 10^ K) the concentration of ^^O is 
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Fig. 1. — Left: oxygen isotopes in presolar oxide grains of group 2 (open circles), as compared 
to deep mixing models in RGB phases. Trajectories with A logT < 0.15 lie on an asymptotic 
line of low slope, ending at ^^O/^^O ~ 0.003, typical of CNO equilibrium at relatively low 
temperatures. Right: the ratio ^^O/^^O in oxide grains of group 2 as a function of their 
inferred ^^Al/^^Al ratio. The grid of model lines shows the region covered by extra-mixing 
on the RGB, for various M and Tp values, as indicated by the labels. The observed ^^Al 
data are not explained by RGB phases. The arrow shows the amount of ^^Al subsequently 
provided by the third dredge up. See text for details. 

very high (see NBW03, Figure 8). It is clear that extra- mixing on the RGB alone does not 
account for the measurements in the most ^^0-poor grains. Indeed, it would require a much 
higher content of ^^O than observed. The right panel of Figure [1] adds more evidence by 
including the Al isotopic ratio. The grid of dotted curves refers to extra-mixing calculations 
on the RGB for a 2 Mq model: the results are however typical of the whole range of low 
mass stars. The curves roughly going from left to right are for M values of 0.03, 0.1, 0.3, 
1 in units of 10^^ Mq/jt. The higher is the M value, the larger is the ^^O depletion, 
as indicated by the labels. The almost vertical lines, instead, refer to different values of 
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Alog T (0.2, 0.15, 0.1, as indicated). It is clear that extra-mixing on the RGB might 
cover only Al isotopic ratios below 10~^; this is an irrelevant contribution, especially when 
considering that much more ^^Al (up to ^^Al/^^Al ~ 5—6x10^'^) is subsequently dredged up 
after thermal pulses on the AGB (even in the absence of further extra- mixing episodes on 
the AGB itself). These simple comparisons make clear that deep mixing on the RGB alone 
is inadequate to explain the constraints coming from presolar grains of circumstellar origin. 

3. Extra-mixing in AGB Phases 



In llben fc Renzinil (119831 ) and iBusso et al.l (119991 ) one can find generalities for AGB 



stars. Below their envelopes, conditions of chemical homogeneity are established when the 
downward envelope expansion called third dredge-up (TDU), which follows the thermal 
pulses of the He shell, reaches down to the H-He discontinuity. Most of the interpulse 
periods of AGB phases are therefore suitable for the occurrence of extra-mixing, which 
can therefore operate for a total duration of about 10^ yr. The spread shown by presolar 
grains and by AGB stars in the C, O and Al isotopic ratios suggest that the details of the 
transport vary from star to star (NBW03). 

Figure [2] (left panel) shows the oxygen isotopic ratios reachable by extra-mixing in 
the interpulse phases of AGB stars. Dashed lines show the effects of efficient mixing 
(M = 5 ■ 10~^ Mq/jt); again the displacement from the FDU composition grows for 
increasing depth (hence temperature) reached by the transport (A log T values are 
indicated on the curves). Model predictions converge to ^^O/^^O ^ 0.0012, characteristic 
of CNO equilibrium at the moderately high temperatures found above the H-burning shell 
in low-mass AGB stars (T ^ 5 — 6 • 10^ K). The grain isotopic ratios cluster around this 
region and are well reproduced. The right panel of Figure [2] adds the evidence provided by 
Al isotopes. Dashed lines show the region covered by models of deep mixing, if it occurs in 
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Fig. 2. — Left: oxygen isotopes in presolar oxide grains of group 2 (open circles), as com- 
pared to models of extra-mixing in AGB phases, for stars of different masses. Any previous 
phenomenon of circulation on the RGB would be hidden in the plot, as its tracks would be 
indistinguishable from the upper parts of the AGB model lines. Right: the ratio ^^O/^^O in 
oxide grains of group 2 (open circles) as a function of their inferred ^^Al/^^Al ratio. The grid 
of dashed lines refer to cases where extra-mixing occurs on both the RGB and the AGB; the 
arrow shows the contribution from TDU (see text). 

both the RGB and the AGB phases of a 2 Mq star with Z = Zq/2. The previous activation 
of the same phenomenon on the RGB is considered by assuming initial isotopic abundances 
in the range obtained from the computations of Section 2. Again, the grid of model lines 
shows cases with various M values (0.01, 0.03, 0.1, 0.3, 1, 3 and 5, in units of 10^® Mq/jt, 
higher M values corresponding to higher ^®0 consumption). The almost vertical lines of the 
grid refer to A log T = 0.25, 0.22, 0.20, 0.18, 0.15, 0.10, 0.08 (see the labels in the plot). 
The RGB sequences of Figure 1 (right panel) are shown as dotted lines for comparison. The 
data of group 2 grains are well explained by the models, suggesting that they were formed 
in stars that experienced extra-mixing in both RGB and AGB phases. 
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It is well known that another mixing phenomenon occurs on the AGB, for intermediate 
mass stars (IMS: M > 4.5 — 5Mq). It is driven by the convective envelope extension down 
to the H-burning layers, in a process called Hot Bottom Burning (HBB). The isotopic mix 
of presolar oxide grai ns cannot however be explaine d by this mech a nism: this was made 



clear i n the works by 



Boothrovd fc Sackmand (1l999l ) 



teOOSi ). In particular, illiadis et al. 



Lugaro et al. 



(120071) and 



Iliadis et al 



( 120081 ) revised the ^^0(p,7) reaction rate, essentially 
confirming the NACRE value but reducing the uncertainty. On this basis, they found an 
equilibrium ^^O/^^O ratio in their IMS model of 2.52lQ'7g x 10~^, incompatible with presolar 
grain data. They concluded that "there is not clear evidence to date for any stellar grain 
origin from massive AGB stars" (see also 



Boothroyd fc Sackmann 



1991 Figure 7). The 



measurements of Figure [2] cluster around an ^^O/^^O ratio of 0.0012, as typical of the shell 
H-burning temperatures in AGB stars of masses up to about 2 Mq. Both lower and higher 
temperatures (as found in RGB and HBB conditions, respectively) would bring the model 
tracks outside the area of the measured data. This fact, when coupled with the abundances 
of ^^Al in the grains, offers compelling evidence in favor of deep mixing in the AGB phases 



of low mass stars. Our resu 
for ^^0+p from 



Chafa et al. 



ts would not change significantly by adopting the reaction rate 



(120071 ). as done by KCSIO: the differences in the equilibrium 



i7n /i6 



O/^^O values between this choice and the NACRE one amount (at maximum) to 20%. 



One may further n otice that, araong t 



and S stars observed by 



Harris et al 



le eight optically-visible, moderately-evolved MS 



(119851), four (50%) have i^O/^^O ratios below 5xl0-^ 
and two (25%) around 2xl0~^. Despite the low statistics and large error bars of stellar 
observations, this compares well with the family of oxide grains requiring extra-mixing. 



As an example, in the Saint Louis database ( http://presolar.wustl.edu/^pgd/| ) one finds 
76 grains of group 1 and 79 grains of group 2 with ^^O/^^O ratios lower than permitted 
by FDU. For 35% of the whole sample this ratio is below 5xl0~^ and for 17% it is below 
2xl0~^. Among group 2 grains alone these numbers become 68% and 33%, respectively. A 
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straightforward interpretation is that visible 0-rich AGB stars represent an intermediate 
population, experiencing extra-mixing more effectively than the average of the grains, 
but less effectively than the extreme (group 2) grains. This is encouraging. For a direct 
comparison, one would need oxygen isotopic ratios in evolved, extinct AGB stars, which 
are the parents of most grains. They are however difficult to observe. Conversely, stellar 
observations show an anti-correlation of ^®0/^^0 with C/0 ratios that is reasonable to 
expect from AGB evolution, but that cannot be verified in oxide grains. 

Extra-mixing seems therefore to be a common property of low mass AGB stars; and it 
must be a normal occurre nce also on the RGB, as revealed by the low carbon isotope rati os 



of fir st-ascent red giants (JLambert fc Ries 



1981 



Cottrell fc Sneden 



1986; 



Shetrone et al. 



19931 ). However, 



19931 ). Notice, instead, that only few evolved stars are Li-rich (jAbia et al.l 

producing Li requires mixing at high rates, due to the short ^Be lifetime; such fast mixing 

episodes might be found only rarely. 



Discussion and Conclusions 



Our results indicate that extended mixing on the AGB is required, when considering 
oxygen isotopes and ^®A1/^^A1 ratios in presolar grains. (In particular, the oxy gen isotop es 



maintain their crucial role in constraining stellar physics, as early noticed by 



Dearborn 



19921 ). Stellar evidence also points to the same conclusion. This is so in particular for 



carbon isotopic ratios in C(N) stars. Indeed, while extra-mixing on t he RGB is suffi c ient t o 



explain such ratios (averaging aroun d 60) in the C(N) star sample by 



Lambert et al. 



this is no lon ger true for the s tars o f 



average) with 



Lambert et al. 



Abia et al 



mm, 



(I2OOII ). These authors agree rather well (on 



(119861 ) for the sources in common; however, they also identified 
a number of new C(N) stars (25%) with ^^C/^'^C ratios ~ 10 — 40. Mainstream SiC grains 
provide the same evidence (for 23% of them, in the St Louis database, the carbon isotope 
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ratio is below 40, while the average value is around 60, as for C(N) stars). lAbia et al. 
( 120011 ) found that even assuming, at the beginning of the AGB phase, ^^C/^'^C ~ 12, as due 
to extra- mixing on the RGB, final C-isotope ratios in excess of 43 were always obtained 
at C/0=1, unless new extra-mixing episodes on the AGB were included. Hence, C(N) 
giants and SiC grains con firm that extra-mixing occurs on the A GB; this is required also 



by their oxygen isotopes ( iHarris et al. 



1987 



Kahane et al. 



2OO2I ). The requirements from 



0-rich stars and grains suggest however a more extended proce ssing than for C(N) stars. 



As these last have, on average, a larger mass than MS-S giants (JGuandalini fc Busso 



20081) 



the extra-mixing efficiency in population I seems to decrease with incre asing stellar mass 



For 



1998 



ower metallicities, ex tra-mixing effects are known to be enhanced ( ICharbonnel et al. 



Gratton et al. 



20001 ). 



In the KCSIO approach, C(N) stars and SiC grains with ^^C/^^C ratios below about 
33 (see also their Table 1) cannot be explained, so that the constraints of SiC grains and 
carbon stars with low carbo n isotope ratio s are n ot repr oduced. Note that the difference 



between the values found by JKarakas et al. 



(120101) and bv lAbia et all (l200lh for the ^^C/^^C 



ratios in C-rich stars (without extra-mixing) is due to different choices for this same ratio 
at the end of the RGB phase, and for C/0. KCSIO also claim that they "cover most of the 
range of observational data points" . They refer to C stars in the Galaxy and in the LMC 
clusters NGC1846 and NGC1978. Although their Figure 2 might give this impression, this 
is not the case for the clusters. In fact, 0-rich and C-rich stars in each cluster represent 
an evolutionary sequence, whose C/0 and ^^C/^'^C ratios must be explained together. In 
contrast with this requirement, KCSIO need, for explaining C(N) stars, initial C/0 and 
i2q^i3q values of 10 and 0.32; for explaining 0-rich AGB stars they instead need 22 and 
0.23, respectively (see their Figure 2). KCSIO actually admit their inability at explaining 
the two constraints together; this failure shows that their approach is not correct, at 
least for NGC 1846. Conversely, a scenario accounting for both 0-rich and C-rich stars 
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Fig. 3. — Relative variation of the molecular weight (A/i//i) for a 1.5 M0 star with a 
metallicity Z = Zq/2, in the layers where '^He burns. The inversion, present on the RGB, 
is reduced or erased on the AGB when '^He has been previously consumed (see labels for 
consumption factors). 



was presented by iLebzelter et al.l (120081 ). introducing a moderate extra- mixing on the 
AGB. These authors also suggested an increased efficiency of extra- mixing for increasing 
values of the envelope C/0 ratio, because the bottom of the convective envelope becomes 
progressively closer to the H-burning shell while the star climbs the AGB. For the same 
reason, the extra-mixing efficiency is expected to inc rease for AGB stars of low metallicity. 



as the convective envelope becomes hotter for them (j Crist alio et al 



20091 ) 



The situation of NGC1978 is definitely more puzzling (JLederer et al.ll2009l ): in that 
case, a fit to C-rich stars requires the concomitant absence of extra-mixing processes during 
both the RGB and AGB phases. Thus, it is hard to find a theoretical recipe suitable to 
reproduce the isotopic ratios of AGB stars in NCG1978 (both 0-rich and C-rich) withou t 



invoking an ad-hoc solution for this peculiar cluster (see discussion in 



Lederer et al 



20091) 



Finally, we would like to comment on the physic al origin of extra-mixi r ig on the AGB. A 



popular mechanism is today thermohaline diffusion (JEggleton et al. 



2006 



20081). However, 
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it is unlikely that it occurs on the AGB of population I stars, when any deep mixing 
has been previously active on the RGB. Indeed, the envelope abundance of ^He, whose 
burning drives the mixing through a /i inversion, would be considerably reduced. This is 
shown in Figure [3l where we plot the mean molecular weight across the radiative region 
in RGB and AGB phases, for our 1.5 Mq star. While a /i inversion of A/i//i ~ — 3 x 10~^ 
(continuous line) is in fact driven by '^He burning on the RGB, the AGB cases (dashed 
lines) are more critical. They refer either to no destruction of ^He on the RGB (■^Hcfdu); 
or to a consumption by factors 3 or 10 (this last case corresponds to the findings by 
KCSIO). It is evident that, for the masses and metallicities considered here, the /i inversion 
is either strongly reduced or erased if ^He has been previously consumed. As extra-mixing 



(hence ^He consurnption ) on the RGB q : 



(jCottrell &: Sneden 



1986; 



Shetrone et al 



' gala ctic disk stars is required by observations 



19931 ) ■ the conditions for thermohali ne diffusion 



might be suppressed in their AGB stages (see also 



Cantiello fc Langer 



mech anisms should therefore be looked for, including magnetic buoyancy (JBusso et al. 



2008h. Other 



20071 ). Note that thermohaline mixing was found to occur on bo th the RGB and the AGB 



(first interpulses) in a low-metallicity l-M© sta r (iStancliffe 
higher inventory of '^He in very low-mass stars (JDearborn et al. 



20101). Th is is due to the known 



19961). 
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